Methotrexate is a dihydrofolate reductase inhibitor widely employed in curative treatment for children with acute lymphoblastic leukemia (ALL). However, methotrexate administration is also associated with persistent cognitive deficits among long-term childhood cancer survivors. Animal models of methotrexate-induced cognitive deficits have primarily utilized adult animals. The purpose of present study is to investigate the neurotoxicity of methotrexate in juvenile rats and its relevant mechanisms. The doses and schedule of systemic and intrathecal methotrexate, given from post-natal age 3e7 weeks, were chosen to model the effects of repeated methotrexate dosing on the developing brains of young children with ALL. This methotrexate regimen had no visible acute toxicity and no effect on growth. At 15 weeks of age (8 weeks after the last methotrexate dose) both spatial pattern memory and visual recognition memory were impaired. In addition, methotrexate-treated animals demonstrated impaired performance in the set-shifting assay, indicating decreased cognitive flexibility. Histopathological analysis demonstrated decreased cell proliferation in methotrexate-treated animals compared to controls, as well as changes in length and thickness of the corpus callosum. Moreover, methotrexate suppressed microglia activation and RANTES production. In conclusion, our study demonstrated that a clinically relevant regimen of systemic and intrathecal methotrexate induces persistent deficits in spatial pattern memory, visual recognition memory and executive function, lasting at least 8 weeks after the last injection. The mechanisms behind methotrexate-induced deficits are likely multifactorial and may relate to suppression of neurogenesis, alterations in neuroinflammation and microglial activation, and structural changes in the corpus callosum.
Introduction
Methotrexate is a dihydrofolate reductase inhibitor widely employed for the treatment of children with acute lymphoblastic leukemia (ALL), non-Hodgkin lymphoma, and osteosarcoma. Curative regimens for patients with these conditions typically include both systemic (oral, intramuscular, and/or intravenous) administration, as well as repeated intrathecal doses to bypass the blood brain barrier and prevent central nervous system relapse.
Because the most common age for diagnosis with ALL is 2e4 years, and treatment regimens have a two to three-year duration, children with ALL are repeatedly exposed to methotrexate during a period of ongoing brain development. As a result, as many as 50e70% of pediatric ALL survivors experience long-term irreversible deficits in attention, working memory and executive function (Hearps et al., 2017; Jacola et al., 2016b; Pierson et al., 2016; van der Plas et al., 2015) . Unfortunately, these behavioral abnormalities generally persist into adulthood.
The pathophysiology of methotrexate-induced neurotoxicity is multifactorial and incompletely defined (Cole and Kamen, 2006; Vezmar et al., 2003) . Animal modeling has shown promise in elucidating the mechanisms underlying cognitive dysfunction following both systemic and intrathecal administration of methotrexate (Li et al., 2010; Seigers et al., 2009; Thomsen et al., 2018) .
Data from these models suggest methotrexate can induce deficits through induction of oxidative stress (Caron et al., 2009) , modulation of the immune system (Cutolo et al., 2001; Phillips et al., 2003; Zhang et al., 2009) , inhibition of neurogenesis (Seigers et al., 2009) , altered neurotransmission through the NMDA receptor (Cole et al., 2013; Vijayanathan et al., 2011) and/or induction of structural brain alterations (Seigers et al., 2009 ). Other studies point toward the alpha-7 nicotinic acetylcholine receptor, since positive modulators of this receptor, such as cotinine, will improve spatial memory and decrease depressive-like behavior in rats treated with methotrexate, cyclophosphamide and 5-flurouracil (Iarkov et al., 2016) .
However, most animal models do not specifically address the effects of repeated systemic and intrathecal methotrexate administration in juvenile animals. Experiments in adult animals may not be relevant to understanding the impact of chemotherapy on the developing brain. The experiments described here were designed to address this gap, and further explore the mechanisms of methotrexate-induced cognitive deficits in juvenile subjects. The methotrexate regimen we employed was designed to model treatment for young children with ALL. Treatment included repeated administration of systemic and intrathecal methotrexate, at clinically relevant doses, over a five-week period extending from three to seven weeks of age. Similarly, the behavioral battery chosen to assess cognitive function was designed to probe those domains that are most frequently described as impaired among cancer survivors. The object placement test of pattern recognition and the novel object recognition test of recognition memory assess components of memory most frequently, albeit not exclusively, associated with hippocampal function (Rubin et al., 2014) . A set shifting assay was designed to probe executive function and cognitive flexibility, domains associated with cortical function (Euston et al., 2012) .
Finally histopathological examination at two time points was undertaken to describe biomarkers that correlate with methotrexate exposure, and may begin to explain the pathophysiologic mechanisms.
Materials and methods

Animals and reagents
Long Evans rats (evenly split between females and males) were purchased from Charles River Laboratories (Wilmington, MA) at 1 week of age and were habituated to the vivarium for one week before the experiments. Rats were housed in groups of two or three with a 12/12 h light/dark cycle and ad lib. access to food (LabDiet 5001) and water. All experiments were approved by the Animal Institute and Use Committee of the Albert Einstein College of Medicine (Bronx, NY) and were conducted following the "Guide for the Care and Use of Laboratory Animals". The NC3R's ARRIVE guidelines were followed in the conduct and reporting of all experiments described here.
Methotrexate (USP grade), phosphate buffered saline (PBS) and other chemicals were purchased from Sigma (Saint Louis, MO) unless otherwise stated. Methanol and water (HPLC grade) were obtained from Fisher Scientific (Pittsburgh, PA). All injected solutions were sterilized by filtering through 0.22 mm syringe filters (Millipore, Billerica, MA).
Injection schedule and CSF collection
The detailed injection schedule is illustrated in Fig. 1 . Briefly, at 3 weeks old, rats received two IP injections (0.5 mg/kg methotrexate or PBS) one week apart. This was followed by 4 intrathecal injections within a two week period (1 mg/kg methotrexate or artificial cerebrospinal fluid [aCSF] at 4e5 weeks old, and IP injections once every week at 6 and 7 weeks of age.
Intrathecal injections were carried out as previously described (Li et al., 2010) by transcutaneous cisterna magna puncture with a 25 gauge butterfly needle, with inhaled isofluorane anesthesia (2e5%). Correct insertion of the needle was verified by outflow of CSF, which was collected in isovolumetric amounts (i.e., volume of CSF removed was equivalent to volume of drug to be administered) prior to IT injection. All animals were monitored for signs of acute toxicity under direct visualization for 1 h after injection and subsequently on a daily basis for evidence of abnormal behaviors. Intrathecal injection of methotrexate or aCSF (aCSF, Na þ 150 mM, K þ 3 mM, Ca 2þ 1.4 mM, Mg 2þ 0.8 mM, P 1.0 mM, and Cl À 155 mM, in double distilled water) was conducted after CSF collection from cisternae magna. CSF with visible contamination by blood (approximately 10% of samples) was discarded. CSF samples were centrifuged, cell pellets were discarded and the supernatants were stored at À80 C until analysis.
Behavioral testing schedule
Behavioral assessments of cognitive function were conducted at two time points (Fig. 1 ) in order to assess acute effects (9 weeks of age; 1 week after the last methotrexate exposure and persistent effects (15 weeks of age; 8 weeks after the last methotrexate exposure). The battery included the following: open field (OF), object placement (OP) (a.k.a object location) and novel object recognition (NOR) (Ennaceur and Meliani, 1992) , conducted as previously published (Li et al., 2010; Thomsen et al., 2018) and described briefly below. A modified set shifting assay, described below, was done at a single time point (16e19 weeks of age; 9e12 weeks following the last methotrexate exposure).
Open field
The open field test was used to evaluate locomotor activity and thigmotaxis, an indicator of anxiety-like behavior (Treit and Fundytus, 1988) . The assay was carried out in an arena (69 Â 69 Â 69 cm) with visual cues for 6 min. Total track length, center track length, center time, and center entries, were recorded and analyzed by Viewer III software (Biobserve, Bonn, Germany).
Object placement (OP) and object recognition (NOR)
Both the OP and NOR test rely on the innate preference of rodents to preferentially explore novel environmental stimuli. Intact pattern recognition in the object placement test is indicated by a preference for an object that has been moved to a novel location. Intact recognition memory in the novel object recognition test is indicated by a preference for a novel object over the familiar one previously encountered. Briefly, during training, animals are exposed to a pair of identical objects. After a defined retention interval in their home cages (20e180 min depending on the task), rats were presented with one unmoved and one relocated object (OP) or one old and one novel object (NOR) in a testing trial. Total activity, assessed by track length, and total object exploration times were recorded manually in seconds, using stopwatches. Exploration was defined as any physical contact with the object (sniffing, whisking, or touching). Data from subjects with less than 4 s of total exploration time were excluded from analysis of preference scores (less than 2% of subjects). A preference score was determined by the ratio of time exploring the relocated or novel object to total exploration time during the testing trial, and recorded as a percentage. For each cohort of identically treated animals, intact memory was demonstrated by a group mean preference score significantly higher than 53%. Our previously published data demonstrate that animals with preference scores above 53% consistently demonstrate novel object preferences when retested (Li et al., 2010) . All animals were exposed to equal conditions regarding time of training, testing, and period of retention interval. The tester was blinded to treatment conditions. The objects were previously validated for similar valance and exploration.
Set shifting assay
The set shifting assay was used to evaluate cognitive flexibility and executive function and was carried out for 6 days (defined as days 0e5). Rats were first food deprived overnight (Day 0) and then fed with 1e2 g of food everyday for 3e4 days (Day 1-Day 4). Animals were weighed daily and food was adjusted to target weight loss of approximately 2e4% per day. The accumulated weight loss was between 10 and 15% on the day of the set-shifting test. On Day 1, we habituated animals in the arena (23 cm Â 23 cm x 23 cm) for 6 min three times. On Day 2 and 3, shaping trials were conducted by delivering rewards (sunflower seeds) in the target zone until the subject immediately went to the target zone upon being placed into the arena. On Day 3, animals were only rewarded when performing the target behavior (rear to the platform and nose poke into the target zone) to get the sunflower seed. On Day 4 or 5, animals that had achieved the target weight loss and reliably demonstrated target behaviors during shaping were chosen for set shifting assay. The set shifting assay was divided into 4 stages as illustrated in Table 1 : SD (single discrimination, which tests the animals' ability to discriminate between 2 textures), CD (compound discrimination, which tests the animals' ability discriminate between 2 textures, when 2 odors were used as interference factors), CD_Rev (Compound discrimination reversal, which tests rodents ability to reverse the "correct" texture, previously learned) and ED (extradimensional shift, which tests the animals' ability to now learn that the relevant cue is a different modality e i.e. an odor, when textures were used as interference factors.). Counterbalancing of the target stimuli (textures and odors) was used both within and between experimental groups.
Each stage evaluates a distinct component of executive function and cognitive flexibility. Specifically, SD examines rule learning, while CD would be the component most related to attention, distractibility. CD_Rev examines rule learning, reversal learning and behavioral perseverance. ED shift evaluates more complicated rule learning including strategy switching and the ability to apply a general rule to a new circumstance. The standard criterion for animals to pass each stage was that they could perform 7 consecutive correct trials. The total number of trials each animal required to reach this criterion was recorded.
Organ and sample collection
Animals were sacrificed at 10 and 20 weeks of age, respectively. Animals were first anesthetized with inhaled isoflurane, 5%. Blood samples were obtained from the apex of the heart by butterfly needles. The heart was then exposed and animals were extensively perfused with cold PBS. Brains were dissected into right and left hemispheres. The left hemisphere of the brain was fixed in 4% paraformaldehyde for 24 h at 4 C, then transferred into 30% sucrose for another day at 4 C and embedded in paraffin for sagittal sections. Sections were collected from the midline. The thickness of each section is 10 mm for Nissl staining and 5 mm for all the other staining. The right brain hemisphere was snap-frozen for tissue lysates. Blood samples were centrifuged, cell pellets were discarded and the supernatant were obtained and stored at À80 C until analysis.
Immunohistochemistry and immunofluorescence
For Ki67 and Iba-1 immunohistochemistry, sections were incubated with primary antibody rabbit anti-rat Ki67 (WAKO Chemicals, Mountain View, CA) or rabbit anti-rat Iba-1 (Wako), followed by a biotinylated donkey anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA) and HPR-streptavidin (Jackson Immunoresearch), and developed with 3,3 0 -diaminobenzidine (DAB, WAKO). For Iba-1 staining, a representative image was taken from the middle cortex (located right above hippocampus) and hippocampus in each section, and quantitation of the staining intensity in each image was performed using Image J (NIH, Bethesda, MD). For Ki67 staining, the number of Ki67 positive cells in the whole brain section was counted manually. All images were taken using a 3D Histech P250 High Capacity Slide Scanner.
For immunofluorescence staining, paraffin sections were incubated with mouse anti-rat SMI99 (myelin basic protein; MBP, Millipore, Billerica, MA) or rabbit anti-glial fibrillary acidic protein (GFAP) (Millipore), followed by the secondary antibodies donkey anti-mouse Alexa Fluor 488, or donkey anti-rabbit IgG Alexa Fluor 594, respectively (Jackson ImmunoResearch). Sections were imaged using a fluorescence microscope (Zeiss AxioObserver CLEM or a P250 Scanner). The staining intensity of SMI99 in a sagittal brain section and GFAP in the hippocampus was quantified by image J (NIH).
For Nissl staining, slides were first deparaffinized and hydrated, then stained in 0.02% crystal violet in 0.2% sodium acetate buffer for 1 h. Following deionized water rinses, the slides were differentiated in 95% alcohol, dehydrated in a standard alcohol series, and cleared in xylene. The corpus callosum was divided into five identical segments from anterior to posterior (genu, anterior body, posterior body, isthmus and splenium) according to previous published guidelines (Duara et al., 1991) . The length of corpus callosum and the thickness of each segment were measured by Image J (NIH). The investigator conducting the quantitation was blinded to the treatment arm of each sample.
Luminex and ELISAs
The expressions of cytokines including IL-1b, TNF, IL-6, RANTES, IL-10, IL-2, INF-g, in the serum and CSF at 20 weeks of age were first screened by Luminex kit (Millipore). Luminex data were analyzed using Luminex Xponent Analysis software (Millipore). Then cytokines that tend to have higher expression including RANTES, IL-6 and TNF were further analyzed by corresponding ELISA kit (BD Biosciences, Billerica, MA) in a larger cohort following manufacturer's instructions.
Statistics
Data were analyzed by D'Agostino-Pearson test to assess whether the data was normally distributed. Mean preference scores were compared with GraphPad Prism 6.07 (GraphPad Software, San Diego, CA) using two-tailed t-tests (for normally distributed data) or Mann-Whitney U test (non-normally distributed data). Contingencies were analyzed by Chi-Square Test. Biochemical data were analyzed using one-way ANOVA analysis. For all statistical tests, a probability value less than 0.05 was considered to be statistically significant.
Results
3.
1. There were no differences in the weight, general locomotor activity and anxiety-like behavior after methotrexate treatment Administration of methotrexate to juvenile rats at this dose and schedule did not alter weight gain relative to saline-treated controls (Supplemental Figure 1A) . General locomotor activity was not altered by methotrexate treatment, as the total track length was similar between methotrexate and the control group. (Supplemental Figure 1B) . Methotrexate administration did not alter thigmotaxis, an anxiety behavior, as indicated by the similar center track length (Supplemental Figure 1C) , center time (data not shown) and center entries (data not shown) between the two groups.
Methotrexate treated juvenile animals displayed impairment in spatial and object recognition memory
Methotrexate-treated juvenile rats displayed pattern recognition deficits in the object placement test, indicated by their mean preference score less than 53% (U ¼ 126, df ¼ 38, P < 0.05) as early as 9 weeks of age ( Fig. 2A) . This deficit persisted at 15 weeks of age, 8 weeks after the last dose of methotrexate ( Fig. 2A ; t ¼ 3.178,df ¼ 38, P < 0.003). In contrast, control animals displayed intact spatial memory ( Fig. 2A) at both time points. In addition, a greater proportion of methotrexate-treated animals failed (did not reliably prefer the novel, displaced object) in the object placement test at both time points compared to the control group (Fig. 2B ). At 9 weeks of age, there were 13 failures among 20 total methotrexate-treated animals (65%) vs. 5 failures of 20 total control animals (25%) (Fig. 2B , Chi-Square ¼ 6.456, df ¼ 1, P < 0.02). At 15 weeks of age, there were 10 failures among 20 total methotrexatetreated animals (50%) vs. 3 failures of 20 total control animals (15%) (Fig. 2B , Chi-Square ¼ 5.584, df ¼ 1; P < 0.02).
Impaired novel object recognition was not detected at the early (9 week of age) time point. Mean preference scores in novel object recognition were lower among methotrexate-treated animals than controls, although the difference was not significantly different (Fig. 2C) . However, at 15 weeks of age, methotrexate treated animals displayed significantly decreased preference scores compared to the control group (Fig. 2C , t ¼ 2.1, df ¼ 38, P < 0.05). Further, significantly more methotrexate treated animals (55%) failed to prefer the novel object compared to the controls (15%) by 15 weeks of age (Fig. 2D , Chi-Square ¼ 7.033, df ¼ 1; P < 0.009). Fig. 3 shows the numbers of trials that each group needed to reach criterion at different stages of the tests. Methotrexate-treated animals required significantly more trials than control animals to reach criterion in the SD (t ¼ 2.707, df ¼ 15, P < 0.03) and ED stages (t ¼ 3.7465, df ¼ 15, P < 0.008) of the set shifting assay, indicating impaired cognitive flexibility and executive function more than 8 weeks after the most recent dose of methotrexate.
Methotrexate-treated animals demonstrated decreased ability on set-shifting
Intrathecal methotrexate alters folate physiology in the CNS of juvenile animals
Consistent with our prior observations in adult animals (Vijayanathan et al., 2011) , we observed a significant decline in mean CSF folate after intrathecal methotrexate from baseline (3.1 nM vs 28.6 nM; n ¼ 4; P < 0.0001, two-tailed t-test). The concentrations of homocysteine and its metabolite homocysteic acid also increased after intrathecal methotrexate (Fig. 4) .
Methotrexate exposure results in decreased cellular proliferation within the brain
Among control animals, cell division, indicated by positive staining for Ki67, was observed predominantly in paraventricular areas and rostral migratory streams. At 10 weeks of age, methotrexate-treated animals exhibited fewer Ki67 þ cells than controls ( Fig. 5A and B; t ¼ 2.191, df ¼ 18, P < 0.05), primarily in the rostral migratory stream. However, at 20 weeks of age, this difference diminished (Fig. 5B) . In both groups, more Ki67 þ cells were observed at 10 weeks of age than 20 weeks of age, although the differences were not statistically significant (Fig. 5B ).
Methotrexate-treated animals showed reduced length and the thickness of corpus callosum
Methotrexate treatment altered the structure of corpus callosum at both the early (10 weeks of age) and late (20 weeks) time points. At 10 weeks of age, the corpus callosum of methotrexatetreated animals was significantly shorter (Fig. 6 , t ¼ 2.437, df ¼ 18, P < 0.03). At 20 weeks of age, the length was similar between the two groups. However, the thickness of posterior part of corpus callosum, the splenium, was significantly decreased in methotrexate-treated animals compared to the controls ( Fig. 6 ; t ¼ 2.255, df ¼ 34, P < 0.04).
Methotrexate treatment reduced microglial activation and depressed RANTES expression
Microglia activation was significantly suppressed in the cortex after methotrexate administration at 10 weeks of age (Fig. 7 A,B , t ¼ 3.506, df ¼ 17, P < 0.003), while no differences were observed in Iba-1 staining at 20 weeks of age (Fig. 6B) . Comparable intensity of microglia staining was observed in the hippocampus between methotrexate and control groups (Fig. 7B) . In addition, the expression of RANTES was significantly decreased in the right hemisphere lysates at 10 weeks of age (Fig. 6C, t ¼ 3 .014, df ¼ 12, P < 0.02) but not at 20 weeks of age (Fig. 7C) . No significant differences were found in the expressions of TNF and IL-6 in the serum, CSF and brain lysates, as well as RANTES in the serum and Fig. 3 . Animals administered with methotrexate displayed impairment in executive function. The set shifting task was conducted in control (n ¼ 9) and methotrexatetreated animals (n ¼ 8) at 16e19 weeks of age. In this assay, we tested the ability of single discrimination (SD), compound discrimination (CD), compound discrimination reversal (CD_Rev) and extra-dimensional (ED) shift discrimination.
CSF at either time point (data not shown).
Discussion
Methotrexate is a chemotherapeutic agent given to pediatric and adult patients with a wide variety of cancers, including ALL, non-Hodgkin lymphoma, osteosarcoma, head and neck cancer, and breast cancer (Bast, 2016) . However, methotrexate exposure has also been associated with persistent cognitive deficits among survivors, including impairments of memory, attention, and executive functions. Previous animal studies have demonstrated that methotrexate administered IP (Yang et al., 2012) , IV (Seigers et al., 2009) or intrathecally (Li et al., 2010 ) also induces cognitive deficits in adult animals. However, little is known regarding the effect of methotrexate on juvenile animals, which is critical for understanding the mechanisms of cognitive impairment when Fig. 4 . methotrexate treatment led to an increase in CSF homocysteine and the homocysteine metabolite, homocysteic acid. CSF was collected before each of four doses of intrathecal methotrexate. Homocysteine (Hcy) and Homocysteic acid (HCA) were measured by HPLC, as previously published (Vijayanathan et al., 2011) . At each timepoint, values in CSF were compared with baseline using t-tests. *, P < 0.05. ***, P < 0.001. Here we demonstrate that a clinically relevant protocol of systemic and intrathecal methotrexate induces deficits in both memory and executive function which persist for at least 8 weeks after the final injection. The deficits observed after methotrexate exposure in this juvenile animal model are similar to what is observed among survivors of childhood leukemia. The animals described here exhibited focal deficits (memory and executive function) but normal growth, locomotor activity, and grooming behaviors, and an absence of anxiety-related behaviors. Similarly, childhood leukemia survivors show grossly normal function, with mean IQ in the normal range (Iyer et al., 2015; Krull et al., 2016) . However, more focused testing reveals that impairments in working memory and executive function are more frequent among cancer survivors than controls (Jacola et al., 2016a; Krull et al., 2016) .
As we have previously demonstrated in adult rats treated with methotrexate, juvenile rats exhibit biochemical effects of methotrexate-induced perturbations in folate physiology, including decreased folate, increased homocysteine, and presence of homocysteine metabolites within the CSF. Here we also describe histologic evidence of structural changes induced by methotrexate exposure, including decreased cellular proliferation, primarily within the rostral migratory stream, as well as structural changes in the corpus callosum. In addition we note decreased microglial activation and RANTES expression, suggesting a decreased neuroinflammatory response.
It is possible that these biomarkers are simply reflective of prior methotrexate exposure, and are unrelated to the pathophysiology of methotrexate-induced cognitive deficits. Methotrexate is commonly employed as an antiinflammatory agent, so decreased chemokine concentrations could be viewed as an expected effect of exposure to this drug. Similarly, as an inhibitor of thymidine and purine synthesis, methotrexate could reasonably be expected to transiently decrease cellular proliferation. However, it is also possible that these changes reflect processes that do contribute mechanistically to the observed behavioral abnormalities.
Neurogenesis is believed to be necessary to maintain the functional stability of adult brain circuitry, and also plays a role in cognition (Apple et al., 2017a (Apple et al., , 2017b . Decreased neurogenesis has been tied to impaired memory in studies of adult rats treated with other chemotherapeutic agents (Gonçalves et al., 2016; Kitamura et al., 2015; Nokia et al., 2012; Rendeiro et al., 2016; Yang et al., 2010) . In our study, juvenile animals treated with methotrexate displayed cognitive impairment accompanied by reduced number of proliferating cells, predominantly in the SVZ and RMS regions at 10 weeks of age, although no difference was observed at the later time point. Suppressed neurogenesis can be reversed pharmacologically, by antidepressant or antipsychotic drugs (Apple et al., 2017a) , or can be rescued by exogenous administration of neural stem cells (Acharya et al., 2015) , suggesting potential protective strategies that can be tested in our preclinical model and eventually among patients being treated for cancer.
Our observation that methotrexate led to alterations in the length and thickness of the corpus callosum echoes results in adult animals. Seigers et al., for example, have shown that single intravenous injection of methotrexate to adult rats resulted in decreased white matter density in lateral corpus callosum, lasting for 3 weeks (Seigers et al., 2009 ). The corpus callosum exerts a fundamental role in integrating information and mediating complex behaviors, including cognition and executive function (Hinkley et al., 2012; Kok et al., 2014; . The structural changes we observed after methotrexate exposure are therefore consistent with impaired executive abilities. Although we did not directly assess processing speed in this model, decreased processing speed has been observed among childhood cancer survivors Iyer et al., 2015; Kamdar et al., 2011; Mennes et al., 2005; Peterson et al., 2008) and has been linked to white matter changes detected on MRI (Aukema et al., 2009; Mennes et al., 2005) .
The relationship between the cognitive deficits we described and changes in neuroinflammation or microglial activation could not be resolved by this study, which was designed to detect associations but not to prove causal relationships. Neuroinflammation and microglial activation are thought to contribute early in the pathogenesis of cognitive deficits associated with naturally occurring neurodegenerative conditions (Heppner et al., 2015; Rodriguez and Kern, 2011) . In these experiments, we showed a decrease both in the chemokine RANTES within brain lysates, and a decrease in cerebral gliosis after methotrexate exposure, compared to control animals. RANTES (also known as chemokine with CC motif ligand 5) is responsible for recruiting T-lymphocytes and activating NK cells at sites of inflammation, and thus plays an important role in neuroinflammatory and demyelinating conditions like multiple sclerosis (Mori et al., 2016) .
However, both inflammation and the resulting gliosis also contribute to repair processes after toxic or traumatic brain injury (Anderson et al., 2016; Fawcett and Asher, 1999) . While glial cells contribute to neuropathy, inhibition of gliosis is not necessarily neuroprotective (Di Cesare Mannelli et al., 2014) . Consequently, the net balance of detrimental and reparative effects of inflammation and gliosis on subsequent brain function is unclear. In addition, we acknowledge that decreased cerebral gliosis was inferred by decreased Iba-1 intensity; no morphologic analysis was conducted to define whether this decreased staining was due to a decrease in microglial cell number or individual cells' activation states. Additional studies will be necessary to dissect the causal relationships among these early, transient changes and cognitive deficits that persist many weeks later.
Conclusion
A clinically relevant schedule of methotrexate administration to juvenile rats was sufficient to induce persistent impairments of memory and executive function that resemble deficits described among survivors of childhood cancer. In addition, we note methotrexate-induced changes in neuroinflammatory markers and cellular proliferation, along with structural changes in the corpus callosum. Further study will determine whether the observed changes are directly responsible for causing cognitive deficits, or are simply biomarkers reflective of prolonged chemotherapy exposure.
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